Messenger RNAs labelled in vivo in Vero cells infected with canine distemper virus were analysed by electrophoresis on 1.5~ agarose gels containing 2 M-formaldehyde. Seven virus-specific RNA bands could be distinguished which were not sensitive to actinomycin D treatment and were confined to the polyadenylated RNA fraction. The most abundant virus-specific mRNA species had a molecular weight of 0.52 x 106 and its coding capacity was consistent with it being the mRNA for the most abundant virus-specific protein, the nucleoprotein. Polyadenylated RNA of this size class was purified by electrophoresis on a polyacrylamide gel and cloned into the PstI site of plasmid pBR322. A virus-specific clone obtained, clone 224, was then used to select messenger RNA from infected cells. The messenger RNA selected had a molecular weight of 0.52 x 106 and directed the synthesis of only the virus-specific nucleoprotein when used to stimulate a wheat germ cell-free system.
INTRODUCTION
Canine distemper virus (CDV) and the closely related measles virus are known to cause persistent infection in the host, in addition to the initial acute infection. Such persistent infections may lead to chronic demyelinating disease (ter Meulen & Carter, 1982) but the mechanism(s) whereby this persistence is brought about is not well understood at the molecular level. Low virus titres and lack of host protein shut-off make it difficult to study the replication processes of these viruses, but the use of clone6 DNA copies of individual virus genes should greatly facilitate this task. Recently, DNA clones of parts of the genes for the nucleocapsid, phosphoprotein and matrix proteins of measles virus have been obtained (Gorecki & Rozenblatt, 1980; Rozenblatt et al., 1982; Bellini et al., 1983) . It is difficult to obtain CDVspecific clones from total infected cell polyadenlyated RNA since the percentage of virusspecific RNA is very low. We have approached the problem by first analysing the messenger RNA populations of infected and uninfected cells to determine the size and abundance of the virus-specific mRNAs. Using agarose-formaldehyde gels to analyse mRNAs, labelled in vivo in the presence and absence of high concentrations of actinomycin D, we determined the size and relative abundance of the virus mRNA species. Polyadenylated RNA of the size corresponding to the most abundant virus-specific mRNA was used as the starting material for molecular cloning. By this means we were successful in obtaining a clone of part of the nucleocapsid protein gene.
METHODS

Cells and viruses.
African green monkey kidney cells (Veto) were grown in Eagle's medium supplemented with 10 ~ newborn calf serum and antibiotics (100 units peniciUin/ml and 100 ~tg streptomycin/ml). Stock cells were grown in 75 cm 2 plastic Falcon flasks and experimental cells in 15 cm plastic dishes.
Monolayers were infected with CDV (Onderstepoort strain; kindly donated by Dr B. Rima, Department of Biochemistry, Queen's University, Belfast), at a multiplicity of 0-1 p.f.u./cell. After 2 h at 37 °C the virus inoculum was removed and replaced with fresh medium. The cell monolayers displayed gross cytopathic effects, i.e. larger areas of syncytia by 18 h post-infection and by 24 h the monolayer was almost completely covered by syncytia. monolayers, either infected or uninfected, were rinsed with normal saline and phosphate-free medium, supplemented with 0-5~ glucose, 2 mM-glutamine, 0.5~ lactalbumin hydrolysate and antibiotics, was added. After 3 h the medium was removed, the cell monolayer again rinsed with normal saline, and 2 mCi [32 P]orthophosphate added in 10 ml supplemented phosphate-free medium. HEPES buffer pH 7.5 was added to 20 mM to neutralize the acid in which the label was stored. Where indicated, actinomycin D was added to 10 lag/ml during the 3 h phosphate starvation period and during the labelling period, which was generally for 3 to 4 h. Extraction of RNA. Cell monolayers were rinsed in ice-cold phosphate-buffered saline (PBS) and scraped off the dishes using rubber policemen. The cells were pelleted at 2000 rev/min for 5 min and the pellet dispersed in 0.32 M-sucrose containing 50 mM-Tris-HC1 pH 7.5, 25 mM-KCI, 5 mM-MgCI: and 1 ~ Nonidet P40. Deoxycholate was added to 0.2~ and the cell suspension was vortex-mixed for 10 to 20 s. Cell nuclei were pelleted at 3000 rev/min for 5 min and the supernatant cytoplasmic extract was collected and digested with an equal volume of Pronase (1 mg/ml) in 0.1 M-Tris-HC1 pH 7-5, 50 mM-NaCI, 10 mM-EDTA, 0.5~ SDS at 37 °C for 60 to 90 min. RNA was purified by extraction with phenol-chloroform (1:1). The phenol phase was re-extracted with 0.5 vol. 50 mM-Tris-HC1 pH 9.0, 150 mM-NaC1 and the two aqueous phases were combined and precipitated with 2.5 vol. ethanol at -20 °C. The RNA pellet was collected, treated with 90% dimethyl sulphoxide at 45 °C for 20 min and separated into polyadenylated and non-polyadenylated RNA by chromatography on oligo(dT)-cellulose (Glass et al., 1975) .
Electrophoresis of RNA. RNA was separated by electrophoresis on either polyacrylamide gels containing 90 mM-Tris-borate pH 8.3, 2.5 mM-EDTA (TBE) and 7 M-urea (Floyd et al., 1974) , or on 1.5~ agarose gels containing 2 M-formaldehyde and 20 mM-MOPS, 5 mM-sodium acetate, 1 mM-EDTA, pH 7-0 (Inglis & Darby, 1981) . Before loading, RNA samples for agarose gel electrophoresis were denatured by heating in 50~ (v/v) formamide, 2 M-formaldehyde, 20 mM-MOPS, 5 mM-sodium acetate, 1 mM-EDTA, pH 7.0, for 5 min at 60 °C. Bromophenol blue and glycerol were then added and the samples loaded on the gel. Electrophoresis was for 2 h at 50 mA. Gels were soaked for 1 h in 20 × SSC (1 x SSC = 0.15 ~-NaC1, 0.015 M-sodium citrate) and transferred to nitrocellulose filters by blotting in 20 x SSC (Thomas, 1980) . After transfer, the blots were rinsed in 2 x SSC, dried and baked in a vacuum oven at 80 °C for 2 h. These were then either exposed directly to X-ray film, if the samples were radioactive, or hybridized with various radioactive probes using conditions described by Thomas (1980) . Cloning procedure. Polyadenylated RNA was prepared from five 15 cm dishes of Vero cells infected with CDV and harvested 24 h after infection. The RNA was then separated by electrophoresis on a 4~ TBE-polyacrylamide gel at 150 V for 16 h. A strongly staining RNA band of a size corresponding to the most abundant virus mRNA was cut out and the RNA eluted by soaking in 1 ml 0-5 M-ammonium acetate, 10 raM-magnesium acetate, 0.1 mM-EDTA, 1% SDS, pH 7.0 overnight at 37 °C. The polyacrylamide pieces were removed by centrifugation for 5 min in an Eppendorf centrifuge. The supernatant was precipitated with 2.5 vol. ethanol at -20 °C and the RNA pellet recovered, dissolved in 50 ~tl water and further purified by passing it through a 1 ml G-50 (coarse) Sephadex column. G-50 columns were prepared in 1 ml plastic syringes and centrifuged at 500 rev/min for 3 rain to remove liquid. Samples were loaded on top of the packed Sephadex and centrifuged as above. The eluate was collected into an Eppendorf tube and ethanol-precipitated at -20 °C in the presence of carrier glycogen. The RNA eluate was precipitated twice more with ethanol.
An RNA/DNA molecule was synthesized and inserted at the PstI site of pBR322 and used to transform Escherichia coli strain HB 101 essentially as described by Van der Werf et al. (1981) for poliovirus RNA. The RNA pellet was dissolved in 5 tal sterile distilled water and incubated at 42 °C in 50 mM-Tris-HCl pH 8-7 at 20 °C, 10 mM-MgCIz, 70 mM-KC1, 0.1 mg/ml actinomycin D, 4 mM-dithiothreitol, 0-6 mM each of dATP, dTTP, dGTP, 0.06 mM-dCTP, 10 ~tCi [ct-32p]dCTP, 6 p_g oligo(dT)l 2 -18 primer, 40 units reverse transcriptase, in a final volume of 50 lal. The reaction was allowed to continue at 42 °C for 30 min, additional dCTP was then added to 0.6 mM and the reaction continued for a further 1-5 h. The reaction was stopped by the addition of an equal volume of NTE (100 mM-NaCI, 10 mM-Tris-HC1 pH 7.4, 1 mM-EDTA) and the RNA/DNA hybrids extracted with chloroformisoamyl alcohol (100:1). Unincorporated nucleotides were removed by filtration through a 1 ml G-50 (coarse) Sephadex column equilibrated in NTE. Glycogen was added as a carrier to the eluate and the RNA/DNA hybrids were purified by two ethanol precipitations.
Recovery was monitored at each stage by Cerenkov counting. Homopolymer (dC) tails were added to the 3' ends of the molecules using terminal deoxynucleotidyl transferase as described by Roychoudhury et al. (1976) . Homopolymer (dG) tails were similarly added to the cloning vector plasmid pBR322 cleaved at the PstI site using the procedure described by Nelson & Brutlag (1979) . Tailed plasmid vector (30rig) and tailed hybrid RNA/DNA molecules were annealed in 10 lal 0.1 M-NaCI, 10 mM-Tris-HC1 pH 7-6, 0.2 mM-EDTA for 10 min at 65 °C, then cooled rapidly to 42 °C and incubated for 2 h and finally cooled slowly to room temperature overnight. The resulting hybrid plasmids were used to transform E. coti HBt01 using the method described by Cohen et aL (1972) . Bacterial clones containing recombinant DNA were selected on the basis of their resistance to tetracycline and sensitivity to ampicillin.
Detection of virus-specific DNA inserts. Plasmid DNA was extracted from an overnight 2 ml culture of transformed cells by the method of Birnboim & Doly (1979) , except that carrier RNA was omitted. Aliquots of this DNA were blotted to nitrocellulose and hybridized with 32p-labelled polyadenylated RNA from both infected and uninfected cells. RNA probes were labelled in vitro using the method described by Caton (1980) . RNA (10 ~tl) was boiled for 20 min with 2 ~tl formamide containing 1 mM-MgClz. This RNA was transferred to a tube containing 50 mM-Tris-HC1 pH 8, 50 ~tCi [~,-32p]ATP, 10 mlvl-MgClz, 5 mM-dithiothreitol, and 4 units polynucleotide kinase in a final volume of 20 ~tl. Incubation was carried out at 37 °C for 30 min. The volume was increased to 50 ~tl by the addition of water and the mixture extracted with an equal volume of chloroform-isoamyl alcohol (100 : 1). The aqueous phase was then purified by passing it through a 1 mI G-50 (coarse) Sephadex column and the excluded volume was added to the hybridization mix. Hybridization conditions were as described by Thomas (1980) . Selection of RNA using plasmid DNA. Nitrocellulose discs (1 cm diam.) were wetted with 10 mM-Tris-HC1 pH 7-5, 1 mM-EDTA; plasmid DNA was spotted on the discs and allowed to dry. Each filter was loaded with half the DNA prepared from a 2 ml culture of transformed E. coli cells (see above). The filters were washed for 30 min in 2 x SSC, air-dried and baked at 80 °C for 2 h in a vacuum oven.
The filters were prehybridized in 120 ~tl of 50~ formamide, 40 mM-HEPES pH 7.4, 1 mM-EDTA, 1 M-NaC1, 0.1 ~ SDS, 0.4 mg/ml calf thymus DNA overnight at 42 °C. Labelled RNA for selection was then added to the filters in 120 ~tl of the same buffer without carrier DNA and hybridized overnight at 42 °C. Unbound RNA was removed by five 1 ml washes with 2 x SSC, 0.1 ~ SDS at room temperature, followed by three 1 ml washes with 0-1 x SSC, 0-1 ~ SDS at 50 °C for 10 min each. Bound RNA was then eluted by boiling the filters twice with 150 p.1 sterile distilled water for 2 min. The combined eluates were ethanol-precipitated in the presence of carrier tRNA and analysed by electrophoresis on 1-5~ agarose-formaldehyde gels.
For selecting larger amounts ofmRNA, 100 ~tg ofplasmid DNA purified on caesium chloride gradients (Katz et al., 1973) was covalently bound to cellulose powder using the method described by Stark & Williams (1979) .
RESULTS
Analysis of 3Zp-labelled RNA in infected and uninfected cells
RNA labelled in vivo with 32p as described in Methods was separated into polyadenylated (A + ) and non-polyadenylated (A-) RNA by oligo(dT)-cellulose chromatography (Glass et al., 1975) . The RNA was separated by electrophoresis on 1.5~ agarose gels containing 2M-formaldehyde, transferred to nitrocellulose sheets and autoradiographed. The labelled RNA species detected in both the polyadenylated and non-polyadenylated RNA fractions from uninfected and infected cells are shown in Fig. 1 . In the polyadenylated RNA fractions, additional RNA bands were visible in the infected cells which were not present in the uninfected cells (Fig. 1 c, d ). When cells were labelled in the presence of 10 ~tg/ml actinomycin D only those additional bands seen in the infected cells could be labelled (Fig. 1 e) . In all, seven virus-specific polyadenylated RNA bands could be identified. When run in parallel with labelled influenza virus genome RNA segments of known mol. wt. (McCauley & Mahy, 1983) , mol. wt. estimates were obtained as follows: 1.6, 1.0, 0.96, 0.70, 0.62, 0.52 and 0.46 (all x 10-6). Estimates for the three largest bands are less accurate since they fall outside the range of the influenza virus RNA markers. The most abundant virus RNA species was band six with a mol. wt. of 0.52 x 106 and a maximum coding capacity for a protein of 62000 mol. wt. This was thought to be a likely candidate for the mRNA encoding the most abundant virus protein, namely the nucleoprotein with a published molecular weight in the range 58 000 to 60 000 (Rima, 1983) .
No differences were found in the non-polyadenylated RNA fractions from infected and uninfected cells. No genome-size RNA, i.e. approx. 4 x 106 mol. wt., was detected in the infected cell RNA. This may be due to the short labelling time or may reflect the fact that very high molecular weight RNA does not readily transfer to nitrocellulose using this technique. When virus RNA purified on caesium chloride gradients was run under these conditions a faint band of approx. 4 x 106 mol. wt. was detected when the nitrocellulose blot was hybridized with highly labelled virus RNA prepared in the same way (data not shown).
Cloning of polyadenylated RNA
Polyadenylated RNA from five 15 cm tissue culture dishes of infected Vero cells was separated by electrophoresis on a 4~ polyacrylamide gel. RNA of the size corresponding to the
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Canine distemper virus gene cloning were identified by hybridizing their D N A with 3zP-labelled polyadenylated R N A from both uninfected and infected cells. The plasrnid with the largest virus-specific insert (clone 224) was further analysed to determine which virus gene it encoded. On digestion with the restriction enzyme HaelII, clone 224 revealed a new fragment of approx. 450 base pairs (bp) which replaced the 267 bp fragment known to contain the PstI site (Fig. 2) . This shows that a fragment of at least 183 bp is present. However, the apparent molecular weight of the insert was close to 300 bp when the undigested plasmid was sized on agarose gels, so there is probably an internal
HaeIII site in the virus-specific insert.
(a) (b) (Rigby et al., 1977) . Two identical lots of RNA were ran on the gel and the nitrocellulose paper was divided into two equivalent portions. One half (a to e) was hybridized with the virus-specific clone 224 and the other half (fto i) hybridized with the cell-specific clone 101. 
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Analysis oJ the virus m R N A encoded by plasmid 224
Polyadenylated R N A , labelled in vivo with 32p, was prepared from uninfected and infected Vero cells and hybridized with plasmid D N A bound to nitrocellulose discs. The R N A that bound specifically was analysed by formaldehyde-agarose electrophoresis. It can be seen from Fig. 3 that no R N A from uninfected cells bound to D N A from pBR322, D N A from clone 224 or to D N A from a clone with a cell-specific insert (clone 101), while only plasmid 224 bound R N A from the infected cells. The R N A bound by plasmid 224 corresponded exactly in molecular weight to the virus-specific R N A band 6, which was the presumed nucleoprotein m R N A . To confirm this result, unlabelled R N A , both polyadenylated and non-polyadenylated, was run on formaldehyde-agarose gels, blotted to nitrocellulose and hybridized with D N A from plasmids 224 and 101 labelled in vitro by nick translation with [cz-32p]dCTP. It can be seen from Fig. 4 that the virus-specific clone 224 did not hybridize with either polyadenylated or non-polyadenylated R N A from uninfected cells (Fig. 4b, d) . Strong hybridization was observed in a band of the . In vitro protein translation products from CDV-infected Vero cells. Translation products of polyadenylated RNA in vitro from virus-infected cells were produced in a cell-free wheat germ system (Roberts & Patterson, 1973) in the presence of [35S]methionine (10 ~tCi/10 p.1 reaction). Protein products were analysed on a 17.5~ discontinuous polyacrylamide gel (Laemmli, 1970) . appropriate size in the infected cell polyadenylated R N A (Fig. 4e) and weaker hybridization in a faster migrating band in the non-polyadenylated R N A (Fig. 4c) . The slower migration rate of the virus-specific band in lane (e) is consistent with the presence of poly(A) tails on this R N A species. In the case of the cell-specific plasmid 101, equivalent amounts of hybridization were seen in a similar size R N A from both the uninfected and infected cells. Hybridization was strong in the non-polyadenylated R N A but weak in the polyadenylated R N A , the opposite to hybridizations found with plasmid 224 (Fig. 4 f t o i) . This suggests that plasmid 101 is a clone of part of the 18S ribosomal R N A which has a similar molecular weight.
Identification of virus gene encoded by virus-specific plasmid 224
To prepare a large amount of mRNA complementary to the virus-specific insert of plasmid 224, plasmid DNA (100 ~tg) was bound covalently to activated cellulose (Stark & Williams, 1979) . This cellulose-DNA complex was then used to select the complementary RNA from polyadenylated RNA prepared from infected cells. When unselected polyadenylated RNA was used to stimulate a wheat germ cell-free translation system (Roberts & Patterson, 1973) proteins were translated with sizes corresponding to most of the known virus structural proteins (Fig. 5 c) . On immune precipitation with CDV-specific antiserum these were the only proteins detectable. When RNA selected with plasmid 224 was used to stimulate the wheat germ translation system, the only virus-specific protein detected in the products was the nucleocapsid protein (Fig. 5 b) . The other proteins observed were all background wheat germ products. The other virus-specific proteins which were translated abundantly from the unselected RNA sample were totally absent. DISCUSSION We have been able to identify seven virus-specific RNA species in the polyadenylated RNA fraction from Vero cells infected with CDV using a completely denaturing agarose-formaldehyde gel system. The molecular weights ranged from 0.46 x 106 to 1.60 × 106 and were of sufficient size to code for all the known virus structural proteins. A previous communication on the size distribution of CDV polyadenylated RNA gave a range from 0.25 × 106 to 4.0 × 106 (Martin & ter Meulen, 1976) . However, RNA peaks were visualized by slicing the gel and counting the radioactivity in each fraction and only 28S and 18S ribosomal RNA were used as markers. In addition, high background levels of radioactivity were observed in the polyadenylated RNA fraction from infected cells, even in the presence of actinomycin D. The method we have described gives a much more accurate estimation of the virus-specific RNA. RNA bands can be visualized by autoradiography, their migration measured accurately and compared with standards of known nucleotide composition.
The most abundant virus-specific mRNA species had a molecular weight consistent with a coding capacity for the nucleoprotein, the most abundant virus structural protein. Using a cloning technique whereby RNA/DNA hybrids can be inserted into plasmid DNA ( Van der Werf et al., 1981) , we were able to obtain a clone of this RNA (clone 224) starting with a very small amount of RNA purified by polyacrylamide gel electrophoresis. Using this method to obtain clones of the other, less abundant virus mRNAs it should be possible to assign the coding information in each of the RNAs. Although it is possible to estimate the coding capacity of each RNA and assign it to a suitably sized Virus protein, this is not sufficient to establish the true coding capacity since various forms of post-translational modification may occur which can alter the apparent molecular weight of the proteins. Also, it is not possible to be certain that each RNA species encodes only one protein and some RNA may represent readthrough of two or more virus genes. When we used the nucleoprotein clone to analyse RNA from infected cells we consistently found a band of molecular weight higher than that of the nucleoprotein mRNA which also hybridized. This may represent readthrough mRNA from the nucleoprotein gene into the next gene on the virus RNA. There was no mRNA species detected which would code for only the small non-structural protein which has been observed in infected cells (Rima, 1983) . This may indicate that the non-structural protein is derived from a larger one by proteolysis or that a second protein is read from a larger mRNA. Recently, a second open reading frame sufficient to encode a non-structural protein has been described for the phosphoprotein (P) gene of measles virus (Bellini et al., 1983) . Further work is required to determine how the nonstructural protein of CDV is encoded.
It is difficult to study the replication of paramyxoviruses at the molecular level since these viruses do not shut off host protein synthesis to any great extent and only a small percentage of infected cell RNA is virus-specific. The availability of DNA clones of individual virus genes should greatly facilitate the study of virus replication in both lytically infected cells and in persistently infected cells, where the amount of virus-specific macromolecular synthesis may be extremely low. Recently, we have shown that aberrant virus-specific RNA synthesis occurs in On: Sat, 15 Dec 2018 11:04:30
Canine distemper virus gene cloning 557 persistently infected cells but that the nucleoprotein mRNA produced is of normal size (Barrett et al., 1983) . Further studies with clones specific for other virus genes should allow us to determine the nature of these aberrant transcripts and their relationship to the mRNAs produced during lytic infections of the virus. This work was supported by Grant No. G. 80/0433/OCA from the Medical Research Council. We would like to thank Miss G. Clive for excellent technical assistance and Dr I. Roditi for advice on cloning procedures.
